Background: Skeletal muscle wasting and dysfunction are strong independent predictors of mortality in patients with chronic obstructive pulmonary disease (COPD). Creatine nutritional supplementation produces increased muscle mass and exercise performance in health. A controlled study was performed to look for similar effects in 38 patients with COPD. Methods: Thirty eight patients with COPD (mean (SD) forced expiratory volume in 1 second (FEV 1 ) 46 (15)% predicted) were randomised to receive placebo (glucose polymer 40.7 g) or creatine (creatine monohydrate 5.7 g, glucose 35 g) supplements in a double blind trial. After 2 weeks loading (one dose three times daily), patients participated in an outpatient pulmonary rehabilitation programme combined with maintenance (once daily) supplementation. Pulmonary function, body composition, and exercise performance (peripheral muscle strength and endurance, shuttle walking, cycle ergometry) took place at baseline (n = 38), post loading (n = 36), and post rehabilitation (n = 25). Results: No difference was found in whole body exercise performance between the groups: for example, incremental shuttle walk distance mean 223.1 m (95% CI 271.7 to 25.5) post loading and 221.5 m (95% CI 290.6 to 47.7) post rehabilitation. Creatine increased fat-free mass by 1.09 kg (95% CI 0.43 to 1.74) post loading and 1.62 kg (95% CI 0.47 to 2.77) post rehabilitation. Peripheral muscle performance improved: knee extensor strength 4.2 N.m (95% CI 1.4 to 7.1) and endurance 411.1 J (95% CI 129.9 to 692.4) post loading, knee extensor strength 7.3 N.m (95% CI 0.69 to 13.92) and endurance 854.3 J (95% CI 131.3 to 1577.4) post rehabilitation. Creatine improved health status between baseline and post rehabilitation (St George's Respiratory Questionnaire total score 27.7 (95% CI 214.9 to 20.5)). Conclusions: Creatine supplementation led to increases in fat-free mass, peripheral muscle strength and endurance, health status, but not exercise capacity. Creatine may constitute a new ergogenic treatment in COPD.
T he muscle wasting and impaired muscle function associated with chronic obstructive pulmonary disease (COPD) are predictors of handicap, disability and increased mortality. 1 Wide ranging strategies have been used in an attempt to restore muscle mass such as nutritional supplements, 2 3 recombinant human growth hormone, 4 anabolic steroids, 5 and appetite stimulants. 6 Despite the weight gain achieved with most of these strategies, improvements in muscle strength or in measures of whole body exercise performance have not been demonstrated. In addition, the relative contributions of the specific intervention and concurrent exercise training are not easily separable.
Creatine monohydrate is a commonly available nutritional supplement widely used by healthy individuals as an aid to exercise performance. In skeletal muscle, creatine undergoes rapid and reversible phosphorylation, catalysed by the enzyme creatine kinase, to form phosphocreatine (PCr). PCr provides an immediate source of high energy phosphate which is crucial for maintaining the rate of ATP resynthesis during the initial stages of exercise, especially when metabolic demands are high. Uptake and incorporation of exogenous creatine into skeletal muscle is evident in increased resting intramuscular PCr levels. 7 8 A large number of studies have looked at creatine supplementation in groups ranging from young athletes to elderly sedentary persons. While results have been variable, the general conclusion of two recent meta-analyses has been that creatine does enhance performance. 9 10 There have been few studies of creatine supplementation in disease states, particularly those characterised by impaired exercise tolerance secondary to systemic dysfunction. Muscle performance has been reported to be improved following creatine administration in chronic heart failure, 11 in mitochondrial myopathies, 12 and following rehabilitation from disuse atrophy; 13 however, no evaluations of creatine supplementation in patients with COPD have been published.
Using a randomised, double blind, placebo controlled design, the objective of the present investigation was to evaluate comprehensively the effects on disease status and functional capacity of oral creatine supplementation in patients with moderate to severe COPD, administered firstly in isolation and then in combination with an exercise based pulmonary rehabilitation programme.
METHODS

Subjects
Forty one patients with moderate to severe COPD referred and accepted for pulmonary rehabilitation were recruited and randomised. Two severely impaired patients were unable to complete the exercise evaluations and one additional patient was diagnosed with anaemia, so 38 patients were enrolled in Abbreviations: BMI, body mass index; CWR, constant work rate exercise test; ESWT, endurance shuttle walk test; FEV 1 , forced expiratory volume in 1 second; FFM, fat-free mass, FM, fat mass; FVC, forced vital capacity; IET, incremental exercise test; ISWT, incremental shuttle walk test; MIP, maximum inspiratory pressure; MVV, maximum voluntary ventilation; PCr, phosphocreatine; RPE, rating of perceived exertion; SGRQ, St George's Respiratory Questionnaire; TLCO, carbon monoxide transfer factor; V O 2 , peak oxygen uptake the study (table 1). All were clinically stable (no change in medication, no oral corticosteroids, and no exacerbations in the preceding 4 weeks). Long term oxygen therapy precluded recruitment because of difficulty with oxygen provision during the assessments. The ethics committee of North Glasgow University Hospitals granted ethical approval for this study and all patients gave informed consent.
Procedures
Patients were randomly assigned to receive creatine with glucose polymer (5.7 g creatine monohydrate, equivalent to 5 g creatine and 35 g glucose per dose) or glucose polymer only (40.7 g per dose). Supplements were taken three times daily for 14 days (loading phase), followed by once daily administration for 10 weeks (maintenance phase) during which patients attended pulmonary rehabilitation (see below, fig 1) . Both supplements had similar taste, texture, and appearance and were placed in generic containers to ensure double blind administration. Patients gave verbal assurance that they had complied with all instructions. Anticipating that body composition might affect responses to the intervention, patients were stratified by nutritional depletion (body mass index (BMI, body mass/height 2 ) 
Study protocol
The study procedures listed below were performed on three occasions-baseline, post loading, and post pulmonary rehabilitation. In order to limit the visits required, the incremental exercise test was not performed after creatine loading. At least 48 hours were allowed between successive tests involving maximal exercise capacity (incremental shuttle walk test, endurance shuttle walk test, incremental cycle ergometry, constant work load cycle ergometry, peripheral muscle strength).
Lung function
The following measurements were made: spirometric and static lung volumes (V6200 Autobox, SensorMedics Corp, Anaheim, USA); single breath carbon monoxide transfer factor (TLCO; Transflow System, Model 540, Morgan Medical, Kent, UK); maximum inspiratory pressure (MIP; hand held mouth pressure meter, Pearson Medical, North Yorkshire, UK). 15 
Body composition
Body composition was measured using air displacement plethysmography (ADP) which has been validated for use in COPD. 16 The uncorrected body volume (Vb uncorr ) was measured over a 50 second period. A minimum of two tests were conducted. When two consecutive measurements of Vb uncorr were within 0.2% or 150 ml (whichever was the larger), the results were taken as final and averaged. The corrected body volume was calculated 17 and fat-free mass (FFM) expressed as % body mass was estimated from Siri's equation. 18 
Peripheral muscle function
Lower limb muscle performance was measured using a KinCom II isokinetic dynamometer (Chattecx Corporation, Chattanooga, USA). Each patient's position on the dynamometer was standardised with settings retained for subsequent tests. Quadriceps muscle strength was measured as the isokinetic peak torque. Patients were instructed to exert maximal effort throughout the full range of motion during each repetition. Five consecutive maximal isokinetic concentric contractions were performed at a speed of 70˚/s with a 30 second rest period between repetitions. After a 5 minute recovery period, quadriceps muscle endurance was measured as the cumulative work over five sets of 15 repetitions at a speed of 150˚/s. Patients were given a 2 minute rest period between sets. 8 Following a further 10 minute rest, upper limb strength and endurance were measured on the dominant and nondominant hands using a handgrip dynamometer (Grip-A, Takei Scientific Instruments Co, Niigta, Japan). Handgrip strength was measured from five consecutive maximal voluntary isometric contractions with a 30 second rest between each contraction. Handgrip endurance was then measured as the number of contractions that a patient could complete to the point of fatigue in each of three consecutive sets, with a 2 minute rest between each set; intensity was set at 70% of the individual predetermined one repetition maximum. Fatigue was defined as the failure to exert the required intensity for three consecutive contractions. The same investigator conducted all tests.
Whole body exercise capacity
Incremental and endurance shuttle walk tests (ISWT and ESWT, respectively) were performed using standard protocols 19 20 including a practice ISWT at initial assessment. Symptom limited rapid incremental exercise tests (IET; work rate incrementation rate 5-10 Watts/min) were performed on a cycle ergometer (Corival 400, Lode, Groningen, The Netherlands) only at baseline and after rehabilitation. Symptom limited constant work rate cycle ergometer exercise tests (CWR) were performed at 80% of peak work rate (determined from the baseline IET). Pulmonary gas exchange variables were monitored breath-by-breath. Peak oxygen uptake (VO 2 peak) was measured as the mean VO 2 for the last 15 seconds of the IET. The lactate threshold was estimated from expired gas analysis when there was hyperventilation relative to oxygen but not carbon dioxide. 21 Maximum voluntary ventilation (MVV) was defined as 40 6 FEV 1 .
22
Breathing reserve was calculated as the difference between the predicted MVV and the maximum ventilation over the last 15 seconds of the incremental exercise test. Ratings of perceived exertion and breathlessness were obtained (modified Borg scale) 23 at rest, at the limit of tolerance, and at 2 and 5 minutes recovery. 
Health status
Health related quality of life was evaluated at study entry and after pulmonary rehabilitation using the St George's Respiratory questionnaire (SGRQ). 24 
Pulmonary rehabilitation
Patients participated in the hospital pulmonary rehabilitation programme. The programme consisted of 16 twice weekly sessions, each 1 hour long. Each session consisted of a warm-up, mobility training, dynamic strength training of the upper and lower extremities through circuit based stations, whole body endurance training (20 minutes cycle ergometry), and stretching exercise. Training intensity was individualised according to the associated Borg dyspnoea ratings, set at 1-2 units below maximum achieved on the ISWT. Patients were also given a copy of alternative exercises for additional home based training. In addition, there was a non-exercise component focusing on education and behavioural interventions delivered by a multidisciplinary team including nurses, physiotherapists, occupational therapists, dieticians, and doctors. There was no formal psychological input.
Statistical analysis
The primary outcome measure of this trial was distance walked on the ISWT. The study was powered to detect equivalent effects to those reported for pulmonary rehabilitation (mean (SD) improvement of 56 (58) metres on ISWT recalculated from Singh et al 25 ) . We aimed to recruit 60 patients with an expected 33% drop out over the rehabilitation period. After investigation of data normality, values were expressed as mean values with 95% confidence intervals (CI). Statistical analysis was carried out using paired (withintreatment effect) and unpaired (between-treatment effect)
RESULTS
We were unable to recruit the number of patients originally planned because of financial and timing restraints.
Baseline evaluation
Anthropometric and functional baseline characteristics of the 38 patients enrolled in the study are presented in table 1. There were no significant differences in baseline characteristics between the placebo (n = 20) and creatine (n = 18) groups, including FFM depletion (10 in the placebo group, nine in the creatine group).
Post-loading evaluation
The supplementation was generally well tolerated without reported side effects. Two patients from the placebo group did not complete the loading phase because of a dislike of the sweet taste (fig 1) . The results of 36 subjects are therefore reported and are summarised in table 2.
Whole body exercise capacity
There was no improvement in the primary end point of ISWT, with no change in distance walked compared with baseline in either group. There were within group changes but no significant between group differences for other measures (table 2) . ESWT improved significantly with creatine (132 s or 38.8%; p,0.01), but this did not differ from a nonsignificant improvement seen with placebo (92 s or 23.5%; p = 0.21). The CWR showed a non-significant change in exercise time for creatine (15 s or 9.1%; p = 0.49) but, surprisingly, an increase for placebo (54 s or 42.8%; p,0.05), between-group difference (p = 0.17).
Muscle function
Creatine loading resulted in increases in several muscle performance measures from the pre-intervention baseline. In contrast with whole body exercise testing, these changes were significant compared with placebo: lower limb strength compared with placebo (3. fig 2) .
Post-rehabilitation evaluation
Twenty five patients successfully completed the exercise based rehabilitation programme (fig 1) . The reasons for study discontinuation were severe exacerbations (2 creatine; 4 placebo), poor motivation or non-compliance with the exercise programme (1 creatine; 2 placebo), backache (1 creatine), and vestibular disease (1 placebo). Changes seen in response to exercise training are calculated from baseline entry into the study for both groups. The effects of the exercise training itself are indicated by responses of the placebo group. The results are summarised in table 3.
Whole body exercise testing
The placebo group showed significant improvement in ISWT (76 m or 25.9%; p,0.05) and ESWT (275 s or 70.1%; p,0.01). Breathlessness and perceived exertion at endexercise on the CWR test were unaffected, as was VO 2 peak and the lactate threshold on the IET. Creatine supplementation combined with rehabilitation provided no further statistically significant improvement in whole body exercise capacity (shuttle walks, cycle ergometry) compared with rehabilitation alone (placebo). Although the lactate threshold increased from baseline with creatine (0.11 l/min or 20%; p,0.05), this was not significant compared with placebo. There was a significant decline in breathlessness with creatine at end-exercise for the CWR test compared with baseline (21.3 or 216.7%; p,0.05).
Muscle function
After rehabilitation with placebo, lower limb strength and endurance increased relative to baseline. Handgrip endurance also increased although strength was unaffected. The gains in muscle performance with training were significantly enhanced with creatine compared with placebo: lower limb strength (19. 
Body composition
Fat-free mass following combined rehabilitation and creatine was substantially greater than for rehabilitation alone (2.0 kg or 2.8% v 0.4 kg or 0.6%; p,0.05, fig 2) .
Quality of life
Improvement in quality of life (SGRQ total and activity domain scores) was enhanced by combined creatine supplementation and rehabilitation: SGRQ total score decreased by 5.9 or 9.0% compared with an increase of 1.8 or 2.7% for placebo (p,0.05) and SGRQ activity domain score decreased by 5.3 or 6.4% compared with an increase of 11.0 or 14% for placebo (p,0.01). The worsening of the activity domain for the placebo group over the study duration is surprising. No significant relationships were found between baseline functional indices (that is, pulmonary function, body composition, exercise tolerance) and any subsequent benefit from creatine supplementation, without or with pulmonary rehabilitation. For instance, there was no correlation between change in FFM and muscle strength (r = 0.08, p = 0.8 post loading and r = 0.24, p = 0.4 post rehabilitation).
The improvements seen after rehabilitation in both exercise capacity and health related quality of life represent clinically meaningful improvements. The ISWT increased by over 50 m in both creatine and placebo groups, with six patients in each group exceeding this value. 26 The SGRQ total score decreased by more than 4 points in the creatine group, with six patients in this group exceeding this value compared with one in the placebo group. 27 
DISCUSSION
We have shown that 2 weeks of oral creatine supplementation (15 g/day) loading increased FFM and upper and lower limb muscle strength and endurance in patients with moderate to severe COPD. Maintenance creatine supplementation (5 g/day) potentiated the effects of pulmonary rehabilitation with additional improvements in FFM and upper and lower limb muscle performance and quality of life. However, creatine produced no improvement in whole body exercise performance.
Body mass and FFM Consistent with earlier reports in healthy individuals 28 29 and in patients with heart failure, 11 the initial 2 week loading phase of creatine supplementation led to an increased (predominantly fat-free) body mass. Maintenance supplementation and rehabilitation were associated with a further increase in FFM (fig 2; tables 2 and 3) . Although gain in muscle mass with pulmonary rehabilitation alone has been reported, 30 our study population differed in including a proportion of underweight individuals and having outpatient rather than residential rehabilitation. The Bod Pod method of body composition uses a two-compartment model for FFM estimation. Although validated for use in COPD, it may be more sensitive to alterations in water content than three-compartment methods. Simple water retention might explain the gain in FFM seen with creatine but could not explain improved muscle function. The mechanism underlying the creatine induced increase in FFM is unclear. Creatine ingestion does cause water retention which is presumed to reflect local gains within skeletal muscle rather than more generalised fluid shifts. 31 Creatine may stimulate myocyte protein synthesis directly 32 or indirectly by myocyte swelling. 33 Muscle strength and endurance Creatine loading produced increases in lower limb strength and endurance and handgrip endurance. Further improvements in both lower limb and handgrip strength and endurance were seen with creatine supplementation and rehabilitation (tables 2 and 3). Similar effects with creatine have been reported in healthy younger 28 and older subjects, 29 and in those with heart failure. 16 Lower limb muscle strength is more affected than upper limb strength in patients with COPD. 34 This has been attributed to reduced locomotor muscle use and consequent detraining. Creatine is reported to have a greater effect on muscles that are relatively detrained. 13 Consistent with this, gains in lower limb strength and endurance were proportionately greater than for the upper limb. The mechanisms responsible for these observed creatine induced increases in muscle strength and endurance are uncertain. Loading regimes ranging in duration from 2 to 7 days with 20-25 g/day creatine have produced changes in muscle total creatine of 6-35 mmol/kg dry matter. 7 Peripheral muscle abnormalities in COPD include low resting ATP and PCr concentrations, 35 lower intracellular pH and slower PCr resynthesis during recovery from exercise. 36 Both an increase in resting PCr levels and an accelerated rate of post-exercise PCr resynthesis may explain the effect of creatine supplementation. 8 The creatine group gained more benefit from the rehabilitation programme with respect to muscle performance (lower limb and handgrip strength and endurance). Creatine supplementation may have permitted training at a greater intensity resulting in improved muscle performance. We did not document each individual's training so do not have evidence for this hypothesis. Enhanced muscle performance by combining creatine and exercise training has been reported in healthy subjects 11 but not in patient groups.
Whole body exercise performance
The effects of creatine supplementation on whole body exercise performance in healthy subjects are generally acknowledged to be more variable. The consensus is that high intensity sprint exercise can be improved, but graded exercise and constant work rate tests (less reliant on PCr) are less consistently altered. 9 10 In this context, the failure of creatine to improve shuttle walking and symptom limited cycle ergometry is not entirely surprising. There were no between-group improvements in exercise tolerance as measured by walking or cycle ergometry tests, nor in peak VO 2 or the lactate threshold. The fact that the improvements in body composition and muscle function with creatine did not translate into improved exercise performance may relate to the tests performed and the multifactorial nature of exercise intolerance in patients with COPD.
Training itself induced some performance gains for whole body exercise, notably for shuttle walking, as expected. 37 The lack of effect on peak VO 2 and lactate threshold is not without precedent, especially in patients who are substantially impaired in terms of respiratory limitation. 38 There was considerable variability in the changes seen in exercise endurance time following intervention. Such tests are known to be susceptible to learning effects, 39 especially in COPD. 40 We were, however, unable to incorporate additional familiarisation sessions into our protocol.
Quality of life
We found clinically meaningful improvements in health related quality of life with creatine and rehabilitation compared with rehabilitation alone. The lack of effect on quality of life in the placebo group was unexpected. We used the standard hospital rehabilitation programme that met the minimum standards set by the British Thoracic Society; this may not be the equivalent of research orientated programmes whose outcomes have set the expected standard. Nonetheless, the placebo group showed improvement in exercise capacity which shows that our programme was effective. The role of other factors such as exacerbation frequency is unknown as we did not record such data. We speculate that creatine improved muscle function with a beneficial impact on activities of daily living reflected in the improved activity domain of the SGRQ, despite lack of significant improvements in whole body exercise capacity.
Study limitations
We failed to recruit the 60 patients planned due to time and funding constraints. It is unlikely that, had we done so, we would have detected an improvement in ISWT as our confidence intervals are wide relative to the magnitude of change. Also, as the study was unable to recruit the number of patients deemed necessary from the power calculation, the 95% confidence intervals for exercise capacity include a wide range of possible values for the difference between creatine and placebo which this study is unable to rule out. Our patients come from a socially deprived population who then entered our hospital pulmonary rehabilitation programme. The drop out rates (39% for placebo and 22% for creatine) were unremarkable for our local programme although higher than generally reported in research settings.
We did not assess dietary intake, uptake by repeated muscle biopsy, or urinary excretion of creatine and therefore cannot correlate intake, uptake, or initial deficit of creatine with responses. The design of our study also did not allow us to resolve the relative contributions of creatine supplementation and training on changes in body composition and muscle performance, or if the effects varied with nutritional status. The primary purpose of our study was to explore the effects of creatine alone and with exercise training in a largely unselected patient group.
Conclusions
This study shows that oral creatine monohydrate supplementation, both in isolation and in combination with pulmonary rehabilitation, improved FFM and skeletal muscle function but not whole body exercise capacity in a group of patients with advanced COPD. In addition, creatine led to benefits in health related quality of life over the course of the study. Creatine did not have any demonstrable beneficial effect on exercise capacity, the primary end point of our investigation. The potential importance of these findings should be considered in the light of the knowledge that peripheral muscle wasting 1 and body mass are strong and independent predictors of mortality in COPD. To our knowledge, this is the first pharmacological intervention study in COPD to show increased muscle function in association with increased FFM. Previously reported interventions in patients with COPD-such as administration of anabolic steroids, 5 recombinant growth hormone, 4 appetite stimulants, 6 and nutritional intervention 3 -while altering body composition were without effect on peripheral muscle performance. The functional improvements with creatine supplementation alone may be of importance for patients with COPD who may not be able to undertake whole body exercise training sessions either because of advanced disease or co-morbidity. Further studies are required to verify our observations and to assess the impact of creatine supplementation on mortality in COPD. These data suggest that creatine may constitute a novel ergogenic aid for clinical use in patients with COPD.
